We report on an experimental study of direct and spectroscopic imaging of optically trapped Mie droplets in air. The scattering of the trapping beams gives glare points at the droplets' azimuths. Spectroscopic measurements involving polarized light are performed to precisely determine both the droplet sizes and refraction index using Mie scattering theory. Experimental pictures are compared to rigorous numerical simulations. We also include some results on imaging of whispering gallery resonances and conclude with a brief discussion on the possibility of efficiently exciting whispering gallery resonances via radiative coupling.
I. INTRODUCTION
Since the pioneering works on optical forces by Ashkin in the early 1970s ͓1͔, and the subsequent general success of optical tweezers, optical trapping has undergone a resurgence of interest with "optical binding" forces ͓2-4͔. Recent works on optical trapping in air have demonstrated the existence of strong longitudinal binding for droplets in the Mie range ͓5,6͔. Quantitative comparison of these results with multiplescattering theories, however, requires a precise determination of the geometrical and optical properties of the component particles and geometry of the optically bound structures.
In this paper, we propose an experimental spectroimaging setup to accurately determine microdroplet characteristics in the Mie range based on morphology dependant resonances ͓7,8͔ and observations of "glare points" ͓9͔. The latter technique has been developed in aerosol science both in the image plane ͓10͔ and in the Fourier plane ͓11͔ for measurements of droplet sizes and velocities.
In Secs. II-IV we describe the experimental setup and present the basic experimental observations and analysis. We discuss the appearance of glare points occurring both in the scattered trapping light and in spectroscopic measurements manifested as bright dots at the droplet's azimuths. Numerical simulations of the imaging and spectroscopy are compared with observations. Section V is dedicated to the important role played by the imaging of the highly confined whispering gallery modes ͑WGM͒ in the experimental analysis. Inspired by these observations and the fact that these resonances can lead to important increases in the cross sections and radiation pressure ͓12͔, we also discuss in this section possible scenarios for efficient radiative couplings to whispering gallery resonances.
II. EXPERIMENTAL SETUP
The experimental setup includes an imaging system for observing oil and salt-water microdroplets ͑roughly ranging from 0.3 m to 4 m in radius͒, suspended in a two-beam optical trap whose geometry is similar to those obtained with optical fibers in water ͓3,4͔. The trapping laser is a 150 mW doubled YAG. The droplets can be trapped for hours thanks to the low values of the vapor pressure and the absorption coefficient of oil and water at the trapping wavelength. The average evaporation rate was measured for oil to be of the order of ‫͑ץ‬ka͒ / ‫ץ‬t Ӎ 0.11h −1 ͑at 532 nm͒. This evaporation rate was deduced from the droplet radii and refraction index measurements performed from elastic scattering resonances as discussed in Sec. IV. Although not measured, salt-water droplet evaporation was of the same order of magnitude. We used alimentary sunflower oil for health security and 10 times diluted NaCl-saturated water ͑at 20°C͒ as initially sprayed solutions. A cloud was obtained thanks to a 4 bar air flow in a medical nebulizer and held in a 100 mL syringe before injection in the optical trap.
The light scattered in the 90°direction is imaged with a commercial microscope objective ͑Melles Griot 0.5 NA, ϫ25͒ operating at a standard working distance ͑1.3 mm͒. This observation system could be employed thanks to the fact that this optical trap does not require the extremely tight focusing that characterizes conventional optical tweezers ͓13,14͔. The magnification was increased up to 100 thanks to a Barlow lens situated just behind the microscope objective ͑not shown on Fig. 1͒ . The image was projected on a ͑3.55 mmϫ 2.66 mm, 320 pxϫ 240 px͒ CMOS camera.
The optical trapping is achieved with two weakly focused counterpropagating Gaussian beams ͑Ӎ1 / 20 NA; waist: w 0 =3 m; Rayleigh distance: z R = 100 m͒. The focus of the downward beam is set roughly 300 m above the upward beam thus yielding a quasiparabolic longitudinal stability ͓3͔. Trap stability in the transverse direction is obtained thanks to the intensity gradient, which pulls the refracting microdroplet toward the strong intensity region. With this configuration, the trapping intensity is Ӎ3.3 mW· m −2 . Moreover, since the two ͑ + / − ͒ circularly polarized trapping beams are coherent, they create a fringe pattern onto which the droplet was observed to cling ͓5͔, thus freezing the droplet position to sub-/ 2 precision.
Imaging of the scattered trapping radiation ͓see Fig. 1͑a͔͒ exhibits bright dots which were initially interpreted as two separate droplets ͓5͔. Direct imaging with blue LED light emitted along the axis of the microscope objective shows that the two dots arise from the azimuths of a single droplet ͓15͔. An explanation of these bright dots as being a consequence of the excitation of high angular momentum modes in the droplet is developed in the following sections. We also refer the reader to the studies of these "glare points" in aerosol science ͓9,10͔ and their occurrence when imaging laser light emitted from microdroplets ͓16͔.
III. PLANE WAVE MODELING

A. Validity of the plane wave approximation for numerical simulations
In our experiment, the trapping beams are circularly polarized. This configuration was chosen in order to avoid feedback into the laser using a simple polarizer set. Theoretical calculations predict similar results for the case of linearly polarized beams. Moreover, to achieve the trap stability, the trapping beams are not exactly plane waves, but rather weakly focused Gaussian beams. A theoretical plane wave decomposition of the incident beams is therefore characterized by a relatively narrow angular spectrum. For Gaussian beams, the typical width of the angular spectrum is the focusing angle. The resulting field on the pupil plane of an observing microscope objective can then be interpreted as the superposition of the plane waves in the angular spectrum of the incident field. From a geometrical point of view, summing the scattered fields for different incident plane waves directions is equivalent to fixing the incident angles of the different plane wave components so that they are all oriented along the beam axis and then summing over the scattered fields throughout the cone corresponding to the relative angles of observation.
For an x-polarized incident plane wave propagating along the z axis, the dependence of fields E and E are cos and sin which corresponds to a narrow spherical wave type image in the direction transverse to beam axis ͑see the Appendix͒. The dependence is more complicated and given by functions P n 1 ͑cos ͒ / sin and ‫ץ‬P n 1 ͑cos ͒ / ‫.ץ‬ These functions can be simplified around the ϳ / 2 direction for ͉ − / 2͉ Ͻ / 2−1/ n at first order in 1 / n ͓17͔:
Therefore, as long as the opening angle of the imaging microscope objective is smaller than / 2−1/ n c ͑n c being the orbital angular momentum number of the highest excited mode͒, these developments give a good approximation of the dependence. The cutoff mode value n c is discussed more extensively in the end of Sec. V A.
Inserting the expressions of Eq. ͑1͒ into the far field expression given in Eq. ͑A5͒ we see that as long as the numerical aperture of the imaging optics is not too large, the angular frequencies of the electric field associated with the excitation of an n angular quantum number are n + 1 2 and n + 3 2 in the coordinate. We can then conclude that the focusing angle of the trapping beams should be inferior to / n in order to avoid entanglement in the Fourier plane. Since the highest harmonics possibly excited in these microspheres are roughly 2͑Na / ͒ ͑a being the radius and N ϵ N sph / N med the index contrast͒, plane wave simulations should be sufficient to simulate the images generated by n-order gallery mode excitations provided that the focusing angle of the Gaussian beam satisfies foc Ӷ
2Na
. ͑2͒
Physically, the limit value corresponds to the angular fringe spacing of the highest whispering gallery mode in the dielectric sphere. Since the waist of a Gaussian beam satisfies / ͑w 0 ͒Ӎ foc , the relation in Eq. ͑2͒ translates to w 0 ӷ 2Na. ͑3͒
In our experiment, N = 1.5 and the focusing angle is roughly 1/20 rad which means that the plane wave imaging approximation should be valid for oil droplet diameters up to ϳ7 m.
B. Comparison with experimental images
The image obtained both experimentally and theoretically is that of two bright dots at the azimuths of the droplet as A set of dichroic filters ͑not detailed͒ allows us to balance the blue and the green light. A polarizer ͑p͒ and / 4 set was also used to avoid feedback in the laser. The photo in ͑a͒ comes from the image formed when the focus of the microscope objective is tuned to the green bright dots ͑apparently corresponding to the median plane of the droplet͒ while that in ͑b͒ is obtained from the sharpest blue light focus of the droplet. In ͑b͒, the bright scattering dots are barely observable in this image since they are now defocused.
shown on Fig. 2 . A rough physical explanation for the observations of the two dots is that the observed scattered light emanates predominately from the highest excited modes ͑due in part to the 2n + 1 factor that appears in Mie calculations of the excitation energy stored in the modes͒. Furthermore, these high order modes in turn are confined to regions near the surface of the spheres and the emission from the extremities can be understood as "bending losses" of these confined modes. An alternative and complementary explanation has also been presented by Ashkin et al. ͓18͔ in the context of a ray optics approximation.
In Fig. 2 , experimental pictures are compared with a corresponding numerical simulation. The droplet's radius and index are determined by elastic spectroscopic measurements as described in Sec. IV. Since the intensity of the scattered trapping light is much larger than the imaging blue light, sets of density and dichroic filters are used to reduce the intensity of the bright dots in Fig. 2͑b͒ . On this direct imaging picture, the two bright dots appear to be within the perimeter of the droplet contrary to what is obtained both experimentally and theoretically ͓Figs. 2͑a͒ and 2͑c͔͒, where the bright spots appear on the boundary. This phenomenon is apparently principally due to diffraction effects of the direct blue light radiation which slightly enlarge the apparent diameter of the droplet.
C. Color of the trapping fringe
In the Rayleigh range, optical forces tend to trap dielectric objects with positive refractive index contrast in regions of strong intensity. However, when a dielectric microsphere's radius becomes comparable to the fringe spacing, the minimum of the trapping "potential" may be centered on a dark fringe, depending on the refractive index contrast and particle size parameter. In a previous article ͓5͔, during experimental observations of the interference of the Airy rings, we reported on observing rapid changes in the relative phase of the dot scattering sources emitted from a trapped oil droplet. A likely explanation for this phenomenon now appears that it corresponds to a trapped droplet shifting from being centered on a dark fringe to being centered on a bright fringe. Such shifts can be provoked by changes in the droplet's radius, either due to the slow evaporation process, or by the rapid assimilation of a new droplet from the surrounding cloud. Order of magnitude calculations indicate that capillary deformation under radiation pressure probably does not play a large role in this phenomenon.
Symmetry arguments tell us that only odd modes are excited in a sphere centered on a dark fringe ͑respectively, even modes for a bright fringe͒. In the Fourier plane, one can then determine if a microsphere is trapped on a dark or a bright interference fringe by examining the intensity of the central scattered radiation "fringe" in the Fourier plane ͑cf. Fig. 6͒ .
D. Mode coupling in optical binding cases
In addition to the commonly observed single trapped droplets, optically bound systems of two or more liquid droplets were also observed. These systems generally involved drops of asymmetric sizes ͑one relatively large droplet and one or more smaller ones͒ and could be sufficiently stable ͑tens of seconds͒ to allow them to be photographed as illustrated in Fig. 3 for salt-water droplets. Although the size of the large droplets could be determined from spectroscopy measurements, we unfortunately were not able to determine the small droplet size in this manner due to their excessively large free spectral range and the difficulties involved in balancing the scattered intensities emitted from the large and small droplets respectively.
We can see on Fig. 3͑a͒ that very small droplets ͑radii Շ0.35 m͒ exhibit essentially a single glare point. It was generally observed, as illustrated in Fig. 3͑b͒ , that the equilibrium separation distance of the surfaces decreases for larger secondary droplets. In Fig. 3͑c͒ two of the droplets are so close they appear to be overlapping ͑the separation distance diminished when the third droplet arrived͒. We know, however, that the droplets do not touch in reality since surface tensions would cause them to immediately form a single droplet if they entered into contact. This observation is consistent with our conclusion in the previous section that diffraction effects in the direct microscope imaging of the droplets makes the droplets appear larger than they truly are. Finally, we consistently observed that glare point images were deformed in the optically bound systems ͓cf. Figs. 3͑b͒ FIG. 2. ͑Color online͒ Experimental photos and a simulation for a 2.70 m radius oil-droplet of refraction index 1.5 trapped in a counterpropagating circularly polarized beam configuration. Picture ͑a͒ is taken of the scattered trapping green light only. The circle indicates the perimeter of the sphere as deduced from spectroscopic measurements. In picture ͑b͒, imaging blue light incident along the axis of the microscope objective has been added. In ͑c͒ we display results from Mie calculations of counterpropagating plane waves followed by Fourier optics simulations of the imaging system ͑the boundary of the sphere is indicated by a circle͒. and 3͑c͔͒, implying a significant mode coupling of the morphological mode structures.
IV. EXPERIMENTAL DETERMINATION OF A DROPLET'S RADIUS AND INDEX
Mie resonances of the optically trapped droplet are determined with a spectroimaging arrangement ͑shown in Fig. 4͒ similar to the one previously employed by Chen et al. in droplet lasing experiments ͓16͔. In this configuration, a wide spectrum ͑ϳ30 nm͒ linearly polarized blue light ͑centered on 455 nm͒ illuminates the droplet along the trapping beam axis thanks to a dichroic beam splitter. The light scattered in the 90°direction is collected with a 0.5 NA microscope objective and relayed onto a diffraction grating. The spectrum is observed thanks to a CMOS camera behind a focusing lens as shown in Fig. 5 .
The scattered intensity in Fig. 5 exhibits sharp peaks corresponding to Mie resonances in the droplet ͑either TE or TM depending on the polarization of the incident blue light ͓18͔͒. At a resonance frequency, the sphere cross section is considerably larger than when it is off resonance. We can see that in the 90°illumination direction, the light always seems to come from the droplets azimuths regardless of a strong excitation of a resonance or not. We conclude that low angular momentum modes, which would give light closer to the center of the droplet, only radiate weakly at these frequencies. Finally, the fact that the entire perimeter of the droplet is not illuminated can be seen as a consequence of the fact that only the m = 1 modes are excited by the ͑nearly͒ plane wave. The spectra coming from the top and the bottom of the droplet are essentially identical as the optical path in the droplet is the same for both "right" and "left" turning gallery modes.
The precise determination of the droplet's radius and index were obtained by fitting the TE and TM resonant frequencies with Mie scattering theory. In Fig. 5 , we illustrate normalized experimental spectra fitted with Mie calculations of the near 90°scattered light integrated over the numerical aperture of the microscope objective.
V. IMAGE OF RESONATING MODES
A. Theoretical image of a single whispering gallery mode (WGM)
In this part, we consider the example of a resonating WGM, described as a resonance of one of the modes M omn , M emn , N omn , and N emn ͓19͔. In Mie theory, the mode excitation is a function of the size parameter ka and the dielectric contrast N, and is determined quantitatively by matching the electric and magnetic field boundary conditions. The fieldmatching condition depends on the angular momentum number n and not on its azimuthal quantum number, m. In the case of TE modes, resonances occur when
and for TM modes when
where we recall that = ka. The conditions in Eqs. ͑4͒ and ͑5͒ can only be exactly satisfied for a complex wave vector. An imaginary part of the wave vector in a lossless medium corresponds to an imaginary frequency or, in other words, a field excitation decaying exponentially in time due to radiat- FIG. 4 . ͑Color online͒ Experimental setup for a spectroscopic determination of droplet properties. The laser is protected with a polarizer set ͑polarizer P and / 4-plate͒. Blue light coming from a LED is superimposed collinearly thanks to a dichroic beam splitter ͑DBS͒ through a field lens ͑L2͒. The light collected by the microscope objective ͑MO͒ is sent onto a blazed grating ͑g͒ and imaged ͑L3͒ on a camera. The resulting camera image gives the spectrum along the longitudinal coordinate and the image of the trapping beam axis on the vertical coordinate. The lens ͑L3͒ is actually a set of two cylindrical lenses, allowing different magnifications along the two transverse directions. Fig. 4 . The two lower pictures correspond to spectral dispersed images for TE ͑n =21,22,23͒ and TM ͑n =20,21,22͒ incident polarizations, respectively. The vertical coordinate is the trapping beam axis and the spectrum is spread over the horizontal ͑wave-length͒ coordinate. The bright regions correspond to the "glare points." The global intensity envelope is that of the illuminating LED source.
ing losses. For highly confined modes, like the WGMs, the imaginary part is small, yielding a long photon lifetime in the cavity.
In the far field limit, only the terms in the M and N functions proportional to e ikr / r can be collected by imaging optics. A particularly simple and intriguing case is that of an excited m = n mode. In this case, the functions M omn and N emn at infinity are expressed:
Approximating sin n−1 ͑͒ by exp͕−͑n −1͓͒͑ − / 2͒ 2 / 2͔͖, we see that this mode mainly emits near the = / 2 plane with a Gaussian type behavior with a divergence angle characterized by ͓1 / ͑n −1͔͒ 1/2 . We also remark that near the = / 2 plane the M onn ϱ and N enn ϱ far field modes are principally polarized in the e and e directions, respectively. The dependence is sinusoidal, producing a fringe pattern in the Fourier plane, with angular step equal to / n ͑see Fig. 6͒ . The image of this WGM is once again two bright dots, but they are now oriented along the direction.
It is worthwhile to remark that despite the fact that nearfield interpretations of a WGM indicate energy trapped near the surface of the sphere, far field imaging appears to emanate from sources that appear as located outside of the sphere. Experimental WGM images are more commonly due to light arising from surface Rayleigh scatterers ͓20,21͔ and not from intrinsic radiative losses of microresonator due to a finite curvature radius. Such scattering images usually either illuminate the entire perimeter of the microspheres or appear as bright dots on the surface of the microsphere ͓22͔. Images produced by the "bending" losses of the "guided" resonant light are more rare ͓16͔ and have different characteristics.
The reason why the sources of the radiated light appear to be located outside the perimeter of the sphere is because the angular quantum numbers n of the excited resonances are usually larger than ka ͑see Fig. 5, Fig. 7 and ͓23͔͒. Nevertheless, depending on the sphere size and index contrast, the sharpest excited orbital momentum modes do not necessarily verify n Ͼ ka. For spheres with a refractive index of N = 1.5, we illustrate in Fig. 7 for each magnetic resonance mode number n the ratio n / ka where ka for each n is the size parameter at which the first ͑and generally sharpest͒ resonance for that n occurs.
We should also remark from the Fig. 7 graph that the ratio n / ͑ka͒ roughly converges toward the refractive index contrast ͑i.e., N = 1.5 in this case͒. This value is consistent with the free spectral range in the ray optics approximation when the curvature radius of the sphere becomes large compared with the wavelength. Finally, for large spheres, the sharpest whispering gallery resonance also corresponds to the highest possibly excited mode in the microsphere and drives the cutoff mode value in numerical simulations.
B. Experimental observations
Examining the spectrally distributed photos in Fig. 5 ͑the two lower pictures-one for each polarization͒, we observe two "glare points," analogous to those described in Sec. II associated with the scattered trapping light. For slightly larger droplets, we could observe four "glare points" ͓15͔, two at each azimuth. Furthermore, we observe in Fig. 8 that resonances appear at slightly different positions along the trapping beam axis as functions of their "angular quantum number" ͑even if the spectrometer barely resolves the sharpest resonances͒. In Fig. 8 , TE resonances appear as sharp lines outside the droplets' perimeter ͑more visible on the logarithmic scale͒. Gallery resonances appear as vertical lines and not dots as numerically modeled in Fig. 6 because   FIG. 6 . ͑Color online͒ From left to right, near field, pupil plane, and image of a ͑n , n͒ whispering gallery resonance. The far field fringe pattern collected by an imaging lens has the same angular frequency as the near field. In the image plane, the resonance gives two bright dots appearing outside the physical perimeter of the sphere. FIG. 7. ͑Color online͒ Ratio between the mode numbers of the transverse magnetic resonances and the size parameter at which their sharpest resonance occurs ͑refractive index contrast of the spheres n = 1.5͒. Resonances corresponding to mode numbers higher than 10 will give rise to source regions that will appear to lie outside the physical perimeter since n in these cases is larger than the size parameter ka for which they occur. of different experimental imaging powers for the horizontal ͑spectrum͒ and vertical coordinates by means of a set of cylindrical lens ͑replacing L3 in Fig. 4͒ . Therefore, the image is lengthened along the vertical coordinate.
A full vertical resolution of all the modes would require a 1͑NA͒ imaging system. The less confined excited modes interfere in the image plan and yield the large spots appearing close to the physical perimeter. One can also observe that the bright regions appearing at distances lying within the physical droplet perimeter have a much broader resonance spectra.
C. Radiative coupling
These observations of radiating characteristics may prove useful in understanding and optimizing radiative couplings with dielectric ͑i.e., "open"͒ microcavities. According to the reciprocity principle ͓24͔, if an outgoing Mie radiation mode ͓like that described in Eq. ͑6͔͒ yields a Gaussian type radiation pattern in the image plane of a microscope objective, it should then be proved possible to radiatively couple a Gaussian beam to this highly confined resonance. The coupling efficiency would then chiefly depend on the numerical aperture of the imaging system. As previously numerically shown ͓25͔, the optimum coupling efficiency is obtained by focusing the Gaussian beam outside the physical perimeter of the microsphere. We argue a ϳ30% coupling efficiency could be obtained thanks to a standard 0.75 NA microscope objective by using a beam with two different waists. According to the far field given by an ͑n , n͒ mode ͓given in Eqs. ͑6͔͒, an optimized coupling beam should have the following characteristics:
where w z is a Gaussian formed beam waist along one transverse ͑z͒ coordinate, n is the resonance mode number, and d is the optimum impact parameter, given as a function of the sphere radius a and the index contrast N. For an optimized coupling, the beam profile along the other coordinate should be an Airy spot as small as possible. This argument is not very intuitive since the smaller the focus spot, the smaller the overlap with the sphere in the waist plane. On the other hand, the smaller the beam size, the larger the divergence angle. Thus the beam turns around the sphere, increasing the optical path along both the sphere and the coupling length.
VI. CONCLUSION
We observed 90°elastic light scattering from oil microdroplets in the Mie range. The image given by the microscope objective was compared to numerical simulations. The radius of the droplet was obtained by fitting whispering gallery resonances with Mie-scattering-theory modeling of our experimental setup. We also showed that the precise form of the glare points depends on the angular momentum number of the excited resonant modes. Beyond the intrinsic value of this type of analysis to studies of multiple-particle trapping and binding, this study may also prove useful in studies of morphological mode couplings and radiation and radiative excitations of whispering gallery modes. A possible application to the optimization of radiative couplings to spherical microcavities was given in this regard. Optimized radiative coupling may offer an interesting alternative to fiber taper ͓26͔ and prism ͓27͔ couplings. From this perspective, optical trapping of the microparticles appears as a rather promising tool in isolating these cavities from their environment.
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APPENDIX: MIE THEORY MODELING OF THE FIELD COLLECTED BY A MICROSCOPE OBJECTIVE
Scattering of a plane wave by a spherical particle is given by Mie theory. This approximation is sufficient in our case to describe the scattered trapping light due to the relatively modest value of the numerical aperture involved in the trapping beam focus. We discuss this point more extensively in Sec. III A. More precise calculations could be performed by projecting the Gaussian beams onto the vector spherical wave basis ͓28͔.
An x-polarized plane wave propagating along the z axis can be easily split into spherical harmonics and can be written thanks to functions M o1n and N e1n ͓19͔:
where the superscript is for a radial dependence given by spherical Bessel functions of the first kind. The scattered electric field is developed as
where the Mie coefficients a n and b n are determined by matching spherical wave boundary conditions. In the ab- sence of scattering objects in the beams, the field collected by the microscope objective is essentially zero. Consequently, the image modeling must only take the scattered field into account. Its radial dependence is given by spherical Hankel functions of the first kind ͓29͔.
In the pupil plane of the microscope objective, only the 1 / r term of the development is kept. 
͑A5͒
In the case of large spheres, a plane wave is predominately scattered in the forward direction͑s͒. The light scattered in the 90°direction is only a small energy fraction of the total scattered radiation as can be seen in Fig. 9 . The two bright dots which can be seen on the picture of Fig. 1 can roughly be interpreted as the Fourier transform of the electric field close to / 2. In Fig. 9 , we see that the scattered electric field oscillates rapidly in this region, qualitatively corroborating experimental observations. FIG. 9. ͑Color online͒ Far field scattering from counterpropagating plane waves impinging on a spherical dielectric sphere ͑index 1.5, ka =23͒ as a function of . Blue dotted curve: e polarized field; green dashed curve: e polarized field; red solid curve: total intensity. The energy scattered in the 90°direction is roughly one hundred times as small as in the forward direction.
